• Background and Aims Below-ground carbohydrate storage is considered an adaptation of plants aimed at regeneration after disturbance. A theoretical model by Iwasa and Kubo was empirically tested which predicted (1) that storage of carbohydrates scales allometrically with leaf biomass and (2) when the disturbance regime is relaxed, the ratio of storage to leaf biomass increases, as carbohydrates are not depleted by disturbance.
INTRODUCTION
Ecosystems globally are subject to disturbances, and resident plants are adapted to the severity, timing and frequency of disturbances by possessing traits that enable them to avoid, resist and/or tolerate such disturbances. Resistance and avoidance traits are disturbance specific, for example smoke-induced germination (Keeley, 1987) in fire-prone ecosystems or production of specific metabolites under herbivory pressure (Baldwin and Preston, 1999) . Tolerance traits, on the other hand, reflect the strategy of how to deal with a wide spectrum of disturbance regimes. Possession of a bud bank and a pool of carbohydrates in below-ground organs out of reach of disturbance, enabling plants to restore biomass lost above-ground, seems to be such a universal tolerance trait (Iwasa and Kubo, 1997; Bellingham and Sparrow, 2000; de Moraes et al., 2016) . Paradoxically, while there is profound knowledge of specific adaptations such as thorns, thick bark and thick seed walls, the roles of some tolerance traits in plants, e.g. carbon storage, are still not fully understood. This may be the consequence of the relatively small number of comparative studies carried out in natural communities (e.g. Trlica and Cook, 1971; Palacio et al., 2007; Janeček et al., 2011; Nzunda et al., 2014; Clarke et al., 2016) .
From the available data, we know that plants living in a particular ecosystem differ in the amount of carbon stored and, therefore, presumably also in the ability to tolerate disturbance. Interspecific differences are explained by differences in: bud availability (Palacio et al., 2008) , taxonomical group (Janeček et al., 2011) , shade tolerance (Shibata et al., 2016) and storage compounds (Brocklebank and Hendry, 1989) . However, there is no agreement on the question of whether a high concentration of carbohydrates in storage organs results in more vigorous resprouting than a low concentration (Klimeš et al., 1993; Nofal et al., 2004; Bowen and Pate, 2017) or not (Hogg and Lieffers, 1991; Cruz et al., 2003) . As the majority of the cited works dealt with the concentration of carbohydrates in storage organs and not with the total carbohydrate pool per plant, the relationship between sprouting ability and carbon storage may be blurred by interspecific differences in the volume of structural vs. storage tissues, which is not related to disturbance tolerance. A few studies examining both the concentration and pool of carbohydrates support this view, since the methods led to different conclusions on the effect of disturbance on carbohydrates and above-ground biomass recovery (Bartoš et al., 2011; Janeček et al., 2015) .
In contrast to carbohydrate concentrations, available data on the carbohydrate pool (further also called storage) are very rare and seldom collected for more than a few species from an ecosystem with a specific disturbance regime. The reason is that for the assessment of carbohydrate concentrations, a small fraction of storage tissue from a below-ground organ is sufficient, while for the evaluation of the whole storage tissue we need to excavate an entire organ, which may be impossible in some growth forms and ecosystems.
Due to the lack of empirical data, theoretical concepts on the role of storage in plant strategies remain virtually untested (Bloom et al., 1985; Iwasa and Kubo, 1997; Suzuki and Hutchings, 1997; Suzuki and Stuefer, 1999) . Carbohydrate storage is viewed as a way to buffer temporal environmental heterogeneity, including disturbance, seasonal climate variation and different demands for carbohydrates during plant ontogeny/phenology (Martínez-Vilalta et al., 2016) . However, the creation of carbohydrate reserves not only provides benefits, because it usually competes with other functions, e.g. growth, maintenance and investment in defence (Chapin et al., 1990; Wiley and Helliker, 2012) . The most comprehensive predictions for storage accumulation are provided by a modelling study by Iwasa and Kubo (1997) which predicted the optimal size of storage for recovery after an unpredictable disturbance has removed the entire aboveground biomass.
Iwasa and Kubo (1997) modelled the optimal growth for a theoretical plant having a below-ground storage organ filled with carbohydrates used for regrowth of above-ground organs and flowering. According to the model, plants adapted to a certain level of disturbance suffer from higher mortality when disturbance reaches a higher level, which is due to a shortage of stores for resprouting. In conditions where disturbance is less frequent, plants accumulate more carbohydrates as they are not used for resprouting. For a particular species, a typical ratio between the mass of storage carbohydrates and productive above-ground (leaf) biomass (called S/F by Iwasa and Kubo, 1997) is expected under a specific disturbance regime. Moreover, with increasing age/size of a plant, the storage (pool of stored non-structural carbohydrates) grows faster than the leaf biomass and the S/F is higher in older/ larger plants than in smaller/younger plants (Iwasa and Kubo, 1997) .
The aim of this study is to test the predictions of Iwasa and Kubo's model on a temperate meadow subjected to regular removal of above-ground biomass (regular mowing for hay).
In accordance with the model, we expected that (1) the amount of storage carbohydrates scaled allometrically with leaf biomass (S/F) and (2) after exclusion of disturbance, the size of storage in relation to leaf biomass (S/F) increased, as carbohydrates will not be depleted by resprouting. We manipulated the disturbance regime, creating recently abandoned and mown plots. Just before mowing in June and at the end of the growing season in October, we sampled only plants for which entire storage organs (roots and/or rhizomes) could be excavated. The material was used to evaluate intraspecific patterns.
MATERIALS AND METHODS

Field experiment
The field experiment was established in two meadows which had been managed for decades as hay meadows in a traditional way, with one harvest at the peak of seasonal development: a dry meadow (Čertoryje in the Bílé Karpaty Mts., Czech Republic, 48°54ʹN, 17°25ʹE, 440 m asl) dominated by the grass Bromus erectus and the graminoid Carex montana (for details, see Klimeš, 1995) , and a wet meadow (Ohrazení near České Budějovice, Czech Republic, 48°57ʹN, 14°36ʹE, 500 m asl.) dominated by the tall grass Molinia caerulea (for details, see Lepš, 1999) .
In each meadow, we established experimental plots (six in the dry meadow and five in the wet meadow) divided into eight 9 m 2 sub-plots in June 2005. Four sub-plots of each plot were mown every year of the experiment (2005) (2006) (2007) (2008) in June, i.e. at the peak of the growing season, when the surrounding meadows also are traditionally harvested (i.e. continuation of the disturbance regime), while four sub-plots were left fallow (change in the disturbance regime). The experimental plots were mown by a hand lawn mower so that 5 cm tall stubble was left. Cut biomass was immediately removed from the plots. We sampled plants twice during the growing season: in June (just before experimental plots were managed) and in October (end of the growing season) in 2006 and 2008. The plants were collected from one mown sub-plot and one abandoned sub-plot of each plot.
We focused on nine plant species selected for their sufficient abundance and frequency at the start of the experiment and the possibility of digging up their main storage organs completely. We studied six species in the dry meadow (Lathyrus niger, Trifolium montanum, Geranium sanguineum, Salvia pratensis, Clematis recta and Filipendula vulgaris) and three in the wet meadow (Angelica sylvestris, Selinum carvifolia and Potentilla erecta). Schematic drawings of the selected species showing the diversity of below-ground storage organs and differences in removed biomass (for details, see Klimešová et al., 2010; Bartušková et al., 2015) are presented in Fig. 1 . At each collection time, one specimen of each plant species from the sampled sub-plot was carefully excavated, soil was immediately removed from its storage organ by brushing and washing, and then the specimen was frozen in liquid nitrogen. The following main carbohydrate storage organs were used for analyses: (1) thick skeletal roots (L. niger, T. montanum, S. pratensis and A. sylvestris); (2) thick skeletal roots + rhizomes (G. sanguineum, C. recta and S. carvifolia); (3) thick roots with root tubers + rhizomes (F. vulgaris); and (4) tuberous rhizomes (P. erecta). Above-ground biomass was separated into three fractions: leaves, stems with petioles, and generative organs, transported to the laboratory and there dried and weighed.
Carbohydrate analyses
The storage organs were freeze-dried and ground. The main storage carbohydrate of the target species is starch, except for S. pratensis, which accumulates raffinose family oligosaccharides (RFOs). For more details on the composition of the carbohydrates in the storage organs of the target species, see Janeček et al. (2011) . The starch content was determined using the total starch assay procedure developed by Megazyme International. During this procedure, the starch is first hydrolysed by thermostable α-amylase and amyloglucosidase. The product of hydrolysis (glucose) is subsequently determined calorimetrically with the GOPOD reagent containing glucose oxidase, peroxidase and 4-aminoantipyrine. For more details, see http:// www.megazyme.com. Ethanol-soluble carbohydrates, glucose, fructose and sucrose were extracted three times into ethanol, then transferred into water and analysed using a high-performance anion exchange chromatography-pulsed amperometric detector (HPAE-PAD) with a Dionex ICS-3000 system and a CarboPac PA1 analytical column. This analytical system was also used for analyses of RFOs, which are accumulated in storage organs of S. pratensis. RFOs were calculated as the difference between ethanol-soluble carbohydrates (galactose, glucose, fructose and sucrose) before and after addition of α-galactosidase (Aspergillus niger, Megazyme) to the extract. Total non-structural carbohydrates (TNCs) were calculated as the sum of the analysed carbohydrates for each species.
Statistical analyses
Allometric relationships between the TNC pool and leaf biomass were fitted using standardized major axis regressions (SMAs) and tested with the 'smatr' package in R (Warton et al., 2012) . In contrast to ordinary least squares regression, which minimalizes the errors in the Y direction only, SMA minimizes the sum of squares in both the X and Y dimensions. In consequence, the SMA method is preferable in allometry where both X and Y directions are of the same nature (Warton et al., 2006) .
The effects of time (June, October), disturbance (mowing, abandonment) and species identity on the S/F ratio were tested using the permutation mixed effect model, with time and disturbance as fixed factors and species identity as a random factor. Since plant species was used as random factor and the chosen species were different in each meadow, the factor 'meadow' became redundant and was not included in the analyses. The reason for including two meadows was to increase the number of species whose storage organs could be dug up completely. We used permutation instead of a parametrical test because we were not able to guarantee the homoscedasticity and normal distribution in the log leaf biomass:log pool of carbohydrates ratio for all plant species. A permutation test rather than a parametric test is also recommended when the number of replicates in individual groups is rather low (Ludbrook and Dudley, 1998) . Permutation tests were performed in the PERMANOVA+ program for PRIMER (Anderson et al., 2008) .
RESULTS
Scaling relationships between the TNC pool and leaf biomass (S/F) at the intraspecific level were found in 50 % of cases and were positive (Table 1; Fig. 2 ). In most cases (15 out of 18), the slopes did not differ from 1, indicating a prevailing isometric increase in leaf biomass and TNC pool. For four out of nine species (L. niger, T. montanum, G. sanguineum and S. pratensis), we nevertheless recorded slopes which were significantly higher than 1, at least for one Season × Treatment combination (Table 1) . However, a joint slope (across all treatments) higher than 1 was found only in the case of L. niger.
The differences in disturbance treatments and time of sampling manifested themselves in shifts in elevation (eight species), shifts along the joint slope (five species) or both ( Table 1) . The most obvious differences were between July and October (see post-hoc tests in Table 1 ) with increased S/F later in the season, due to refilling of TNC stores at the end of the growing season and in some species also due to seasonal leaf loss. The results concerning treatments and species response were similar when we used whole above-ground biomass rather than only biomass of leaves (see Supplementary Data Table S1 ; Fig. S1 ).
When testing the effect of sampling time, disturbance and species on the ratio between the carbohydrate pool and leaf biomass, we found that the disturbance, i.e. mowing, had no effect except for interaction with time and species, whereas other explanatory variables separately or in combination affected the ratio significantly (Table 2 ; Fig. 3 ). The strongest effect was caused by species identity (Table 2; Fig. 2 ) which highlights different strategies to cope with environmental perturbations in plants co-occurring in one community.
DISCUSSION
The results imply that we cannot support the predictions by Iwasa and Kubo (1997) that size of below-ground carbohydrate storage generally scales allometrically with leaf biomass and that the ratio of the storage size to leaf biomass increases after exclusion of disturbance. The most frequent relationship found between carbohydrate storage and leaf biomass in meadow plants was isometric and the ratio of storage to leaf biomass did not change when the disturbance regime was less intensive than that to which the plants were presumably adapted.
Isometric scaling relationship between storage and leaf biomass
Iwasa and Kubo expected that plants accumulated carbohydrates disproportionally to their photosynthetic biomass, building an increasingly large storage as they grew, but from our results this does not seem to be the most common scenario in perennial herbs from natural communities.
Overaccumulation of storage may be too costly and disadvantageous, and was also rejected for trees (Palacio et al., 2014) . It seems rather that when storage attains a species-specific size, carbohydrates are invested into various plant functions rather than storage (Chapin et al., 1990) . In their modelling study, Iwasa and Kubo consider investments into flowering, but also a more vigorous clonal growth (Baptist et al., 2013) and a higher investment into above-ground biomass (Bartušková et al., 2015) have been recorded (see below).
Significant relationships between storage and leaf biomass were scattered among treatments and species. The highest number of significant results were found in June in mown plots, particularly in species forming leaf rosettes and with rare and inconspicuous flowering in meadows, such as A. sylvestris, T. montanum and S. carvifolia (Fig. 1) . On the other hand, early and vigorously flowering species such as F. vulgaris and S. pratensis showed a correlation between storage and leaf biomass less often. Those results imply that flowering may substantially affect resource allocation.
Plants differing in size, according to Iwasa and Kubo, just differ in the time available for storage accumulation. 
Correlation: slopes of individual lines fitted using the standardized major axis approach. Difference of slope from one: statistical tests determining whether the slopes of individual lines differ from β = 1; note that only correlations with P < 0.1 were tested. Common slope: statistical tests determining whether the slopes for individual groups differ from the common slope followed by a post-hoc test in case they differ. Shifts in elevation: tests for plants with a common slope testing whether the groups shift in elevation (i.e. shift along the y-axis) followed by a post-hoc test in case they differ. Test for shifts along the common slope: tests for plants with a common slope testing whether the groups shift along the common slope. Groups: JM, June mown; JU, June unmown; OM, October mown; OU. October unmown.
Groups with the same letters in post-hoc tests do not significantly differ. CS, common slope; LRS, likelihood ratio statistic; r, sample correlation between residuals and fitted values. † P < 0.1; *0.05> P >0.01; **P < 0.01.
However, in real plant communities, plants may be small because they grow in unfavourable spots, e.g. with higher competition by tall neighbours or poor soil. This might have caused noise in our data and could be responsible for a lack of relationship in about half of our analyses. Shaded plants would probably invest more into above-ground biomass than into below-ground biomass and storage, while plants growing in poor soil might accumulate more carbohydrates in comparison with plants growing in rich soil, as their growth is limited by nutrient availability (Bloom et al., 1985; Cruz et al., Relationship between leaf biomass and carbohydrate (TNC) pool for individual species sampled on two dates (June and October) and subjected to two treatments (mown and unmown). Note that only regression lines for relationships with P < 0.1 are shown. Related statistical analyses are given in Table 1. 2002; Susiluoto et al., 2010; Janeček et al., 2014) . We can also speculate that more replicates or focusing only on plants which are either flowering or non-flowering will give more unambiguous results.
Effect of excluded disturbance
We expected, in accordance with Iwasa and Kubo, that storage will increase with excluded disturbance, but this was not the case. The reason may be that plants from abandoned plots invested more into above-ground biomass and flowering (Bartušková et al., 2015) , probably at the expense of carbon which should otherwise be invested in regrowth. Despite the higher above-ground biomass of plants from unmown meadows in comparison with mown sites, a higher accumulation of carbohydrates per shoot and higher clonal multiplication in the following year was reported for dominant grasses in unmown vs. mown plots (Bartoš et al., 2011; Baptist et al., 2013) The role of disturbance in carbohydrate storage may in fact be more complex than we commonly believe. Disturbance just before reproduction can result in higher carbohydrate storage due to saving the carbohydrates which otherwise would have been invested into flowering and fruiting in intact plants. Disturbance at the time of reproduction, on the other hand, may lead to a higher storage exhaustion in comparison with unaffected plants (Sosnová and Klimešová, 2009; Puntieri et al., 2014) . Therefore, it would appear that resprouting itself may have a negligible effect on storage due to fast replenishment of storage before the end of the growing season in temperate climates (Wiley et al., 2013; Schmid et al., 2017) .
On the other hand, the effect of reproduction and spring regrowth on carbohydrate storage may be lasting a longer time (Zimmerman and Whigham, 1992; Kleijn et al., 2005) .
We should also admit that our results may reflect the type of disturbance. Whereas Iwasa and Kubo consider that all aboveground biomass is lost, mowing of a meadow leaves basal parts of the leaves untouched (Fig. 1) . Therefore small-stature plants and plants with a basal rosette may preserve part of the leaf biomass from damage (Klimeš and Klimešová, 2001 ). Consequently, some of the studied species did not have to rely on storage for resprouting only, but might have met their carbon demands by means of compensatory photosynthesis (Wallace et al., 1984; Senock et al., 1991; Thomson et al., 2003) .
Further prospects
The results of our study show that we do not understand carbohydrate storage properly and that our theoretical predictions did not match the empirical results. This is in accordance with a recent review by Martínez-Vilalta et al. (2016) , concluding that we have not advanced our understanding of plant storage much since the classical reviews by Chapin et al. (1990) and Kozlowski (1992) . Despite this, the isometric scaling relationship between carbohydrate storage and leaf biomass, which we found in nearly half of the examined cases, indicates that storage in herbs is probably regulated by sources (biomass of leaves) rather than by sinks (demands due to damage or flowering) (e.g. Millard and Grelet, 2010) . This contradicts general expectations (e.g. Iwasa and Kubo, 1997; Dietze et al., 2014) . From this point of view, our results may be seen as an encouragement to perform further comparative studies either in natural communities or in pot experiments along disturbance gradients or with manipulated disturbance regimes.
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